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Abstract

:

The evapotranspiration (  E T  ) process is an essential component in many agricultural water management systems, and its estimation is even more determinant when crops are grown under water-limited environments. The traditional canopy resistance (   r c   ) approaches were evaluated to simulate potato evapotranspiration (  E  T  c p    ) using the original Penman–Monteith equation under different irrigation levels. A field study was carried out on a drip-irrigated potato crop (var. Puyehue INIA) located in the Research Center Carillanca (INIA), La Araucanía Region, Chile (38°41′ S, 72°24′ W, 188 m above sea level) during the 2018/2019 and 2019/2020 growing seasons. The different irrigation levels were full irrigation (  I  L 1   ), 75% of   I  L 1    (  I  L 2   ), and 60% of   I  L 1    (  I  L 3   ). The soil water content, morphological, physiological, meteorological, and micrometeorological variables were measured to calculate the different    r c    approaches and estimate ET for both growing evaluated seasons. The final values of estimated   E  T  c p     were compared to the soil water balance method (  E  T  c p W B    ). The use of amphistomatous (LA) and hypostomatous (LH)    r c    approaches are the best alternative to estimate the   E  T  c p     on potato crops. The best estimation of ET was found for   E  T  c p L A     with an overestimation of 0.6% for   I  L 1   , 7.0% for   I  L 2   , and 13.0% for   I  L 3   , while for   E  T  c p L H     with underestimations of 12.0, 11.0 and 31.0% for   I  L 1   ,   I  L 2   , and   I  L 3   , respectively. The lowest average values of root mean square error (RMSE), mean absolute error (MAE), and index of agreement (d) were observed for   E  T  c p L A     in both   I  L 1    and   I  L 2    conditions, with values of 4.4 and 3.2 mm, 3.2 and 2.5 mm, and 0.82 and 0.87, respectively. More investigation is necessary on the plasticity of the morphological features of potato leaves and canopy geometry, as the stomatal water vapor flowing on the canopy surface could be affected, which is a key factor in the canopy resistance model for accurate   E T   estimation under soil-water-limited conditions.
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1. Introduction


Potato (Solanum tuberosum L.) is the world’s fifth-most significant food crop (370 million tons) after rice, wheat, maize, and sugar cane, with a cultivated surface of 17.3 million hectares worldwide [1]. FAO has also highlighted it as a strategic and critical crop for food security due to its extraordinary environmental plasticity and its relative simplicity for cultivation and high nutritional value [2]. These characteristics have led to steady increases in potato consumption within developing countries [3]. Potato is the second staple food in Chile after wheat, reaching an average yield of 29 t ha−1 [4]. Of the total potato area cultivated in Chile, 57% is in the south between La Araucanía and Los Lagos regions [4] (between 38.0° S and 41.5° S latitude).



Climate change has affected, among other factors, the distribution and frequency of precipitation, mainly in the temperate and Mediterranean climatic zones [5,6]. In temperate climates, such as in La Araucanía Region and much of Southern Chile, droughts are more intermittent and unpredictable. Therefore, water availability can be the main limiting factor for uniform potato production throughout the growing season.



Researchers have considered deficit irrigation (DI) as the most appropriate approach for irrigation scheduling to manage water scarcity to increase water use efficiency (WUE) and harden the plants physiologically based on chemical signaling (mainly abscisic acid -ABA in leaves and stomata) [7]. For potato, some adaptations of the DI technique were tested in recent years, such as sustainable deficit irrigation (SDI), regulated deficit irrigation (RDI) and partial root-zone drying irrigation (PRD). In SDI, a uniform application of water restriction is supplied throughout the crop phenological development [8]. RDI is generally defined as an irrigation practice, where a crop is irrigated with an amount of water, which is below the full requirement for optimal crop growth [9]. At the same time, PRD is an alternated irrigation within the root zone by watering one furrow and keeping the adjacent one dry until the next watering cycle is applied. The watering regime is changed [10]. These DI techniques have been used as potential alternatives for irrigation scheduling due to their positive effects, such as increased WUE with minimal effects on yield, and improved sensory quality traits [9,10,11,12,13,14,15,16]. The implementation of DI practices also can reduce by nearly two-fold the leaf area, reaching leaf area index values (LAI) lower than three at harvest, compared to full irrigation regimes [7,13]. Furthermore, Carli et al. [17] observed that the canopy cover was strongly affected by water limitations compared to full irrigation reaching values lower than 70% without a significant effect on potato tubers’ yield.



Potato plants have a relatively low sensitive response to water deficit in water-limited environments, making them an excellent candidate for evaluating the performance of estimative techniques for plant water status and water use, such as canopy resistance models. Researchers have shown that soil-imposed water stress would exert a significant impact on canopy resistance and evapotranspiration (  E T  ). However, the accurate quantification of the effect of the soil water status on canopy resistance to water transfer and   E T   is still a big challenge [18,19,20,21,22,23,24,25]. Thus, the evapotranspiration (ET) process is an essential component of water and energy cycles on the Earth and for many agricultural water management studies. Accurate quantification of ET is imperative and key for optimizing the irrigation water use under scarce water resources [26,27].



In general, irrigation scheduling in potatoes is based on the quantification of the actual evapotranspiration (  E  T a   ) using the traditional reference evapotranspiration (  E  T o   ) and crop coefficients (   K c   ) [28]. The most significant uncertainty within this approach is that many of the    K c    values reported in the literature are determined for specific situations and often not adapted to all conditions [29,30]. The latter problem is particularly significant since the ratios of   E T   to   E  T o    are highly dependent on the non-linear interactions among atmospheric conditions, soil type, cultivars, and irrigation management practices [31]. The Penman–Monteith model (PM) has been the most widely used method to estimate   E T   under drying conditions worldwide [19,25,28,32]. However, for increasing   E T   estimation accuracy, the parameterization of empirically and semi-empirical canopy resistances is critical since local conditions should be considered.



Currently, the classical canopy resistance (   r c   ) models are used in sparse or dense canopies, using well-watered conditions only [25,32,33,34,35,36,37,38,39,40,41,42]. All these    r c    models were evaluated by Li et al. [43] for sparse canopy crops (maize and grapevines) with LAI between 0 and 5.8 and under well-watered conditions; the best resistance model performance results were those proposed by Li et al. [44] (coupled resistance model; soil + plant), Irmak and Multiibwa [42] and Katerji and Perrier [34] (agreement estimation in the entire growing season) with r2 values close to 0.70, 0.60 and 0.56, respectively. The evaluation of    r c    and   E T   models in potatoes under different available soil water conditions can bring better information for implementing appropriate irrigation management strategies to maximize water use for this crop. These models are crucial for evaluating other drought tolerance crops due to prolonged drought in the Mediterranean, tropical, and temperate climate conditions worldwide.



For proper use of the   E T   models under water-limited environments, it is necessary to accurately determine    r c    under these conditions, in addition to further understanding how the variables and parameters of the    r c    models are affected by diurnal meteorological factors and soil water stress conditions. Thus, the main objective of this study was to evaluate and compare the use of traditional    r c    models with the original Penman–Monteith equation considering the main phenological stages of a potato crop and under different irrigation levels in a temperate climate.




2. Materials and Methods


2.1. Site Description


The experiments were carried out at the Regional Research Center Carillanca from the Instituto de Investigaciones Agropecuarias (INIA), La Araucanía Region, Chile (38°41′ S, 72°24′ W, 188 m above sea level). A drip-irrigated potato crop (Solanum tuberosum L.) var. Puyehue-INIA (Chilean cultivar; [45] was used in a total experimental surface of 900 m2 on a flat ground field (300 m2 for each evaluated irrigation strategy) during the 2018/2019 and 2019/2020 growing seasons. The plantation density was 0.25 m inter-row × 0.75 m between-row, starting mid-December (Day of year—DOY 344) and November (DOY 315) for the first and second seasons. The effective rooting depth (   P  e f f e c t i v e    ) was down to 30 cm (with over 80% of active roots) for the well-watered condition determined through a soil pit at the end of each evaluated season. The experimental site presents a typical temperate climate, and it has been described in detail by López-Olivari and Ortega-Klose [46]. The soil is classified as Temuco series (Andisol, family Typic Hapludands) with a silty loam texture [47]. The values of organic matter content, bulk density, field capacity, and wilting point were 13.4%, 0.79 g cm−3, 0.52, and 0.27 m3 m−3, respectively. For the 2018/2019 season, fertilization was based on a total dose of 210 kg ha−1 of P (at planting), 120 kg ha−1 of K and 240 kg ha−1 of N (both 60% at planting and 40% before hilling the potatoes). During the 2019/2020 season, fertilization was based on a total dose of 350 kg ha−1 of P (at planting), 160 kg ha−1 of K, and 120 kg ha−1 of N (both 60% at planting and 40% before hilling the potatoes). Preventive management for pests and diseases of potato plants was carried out during both seasons by applying a broad-spectrum insecticide (chemical group: pyrethroid + neonicotinoid) and fungicide (chemical group: carbamates + pyridinyl-methyl-benzamide) specific for the potato crop. Thus, the insecticide and fungicide were applied from 2 to 3 and 3 to 4 times along the evaluated seasons. Finally, the weed control was performed using a pre-emergence herbicide (chemical group: metribuzin) and a hand weeding control (every 10–15 days) throughout the season.




2.2. Deficit Irrigation Treatments and Irrigation Management


The potato plants for this trial were subjected to three different irrigation strategies:   I  L 1    (full irrigation),   I  L 2    (75% irrigation application of   I  L 1   ) and   I  L 3    (60% irrigation application of   I  L 1   ). The amount of irrigation applied for each irrigation strategy (sub-plot of 300 m2) was defined using the dripper flow rate per plant (Netafim Ltd., Tel Aviv, Israel) manually inserted into the drip irrigation lines. For   I  L 1    and   I  L 2   , one pressure-compensating button dripper per plant was used with a discharge of 4.0 and 3.0 L h−1, and both separated at 0.25 m, respectively. In the case of   I  L 3    two pressure-compensating button drippers per plant were used with a discharge of 1.2 L h−1 each (total 2.4 L h−1) separated at 0.25 m. The irrigation for   I  L 1    was calculated based on the concept of the total available soil water (TAW; mm), soil water depletion fraction (p), and readily available soil water (RAW; mm) [28]. A p equal to 0.35 was used [28], and this factor was maintained for the whole growing season [46,48,49,50]. The irrigation events were performed when 35% of TAW was depleted from the effective rooting zone. The soil moisture of each irrigation level was monitored using Frequency Domain Reflectometry (FDR; ECH2O GS-1 and GS-3, METER Group, Inc., Pullman, WA, USA). The irrigation frequency was defined using the reading of the FDR sensor from full irrigation conditions (  I  L 1   ). The irrigation time was determined by incorporating the readily available water (RAW) concept, the discharge of the drippers, and irrigation efficiency. The effective daily rainfall (   R  e f f    ) was determined using the expression


   R  e f f   =  (   pluviometric   precipitation  − 10  )  × 0.75 ,  



(1)







These values were incorporated as the water contribution for irrigation scheduling [46].




2.3. Soil Moisture and Plant Measurements


2.3.1. Soil Moisture Monitoring


Five FDR probes were installed in a representative area for continuous measurements of volumetric soil moisture along the two growing seasons considered (after hilling the potato) for each evaluated irrigation strategy. For   I  L 1   , an FDR ECH2O GS-3 probe was installed at a depth of 10 cm and four FDR ECH2O GS-1 probes at depths of 20, 30, 40, and 50 cm, respectively. For   I  L 2    and   I  L 3   , five FDR ECH2O GS-1 probes were installed at depths of 10, 20, 30, 40, and 50 cm. Each set of FDR probes was used to measure the variation of soil moisture in the effective rooting zone. All readings were recorded in 15 min intervals using three different dataloggers (Em50 solar datalogger, METER Group, Inc., Pullman, WA, USA). Before installing the sensors on the soil of varying irrigation strategies, all of the sensors were calibrated externally on an undisturbed soil cube removed from the experimental site following the method proposed by López-Olivari and Ortega-Klose [46]. Furthermore, the volumetric soil water content at the soil surface layer (0–10 cm depth) was measured next to the soil heat flux plates located in-row and between-row using another set of two FDR TEROS 10 probes, where the data were recorded in 15 min intervals in a datalogger (ZL-6 solar datalogger, METER Group, Inc., Pullman, WA, USA) located in each evaluated irrigation conditions (Figure 1).




2.3.2. Stomatal Conductance


Daytime measurements of stomatal resistance (   r  s t   = 1 /  g  s t    ) were performed in five plants for each evaluated irrigation strategy (n = 10) using a steady-state porometer (SC-1 leaf porometer, METER Group, Inc., Pullman, WA, USA). The    r  s t     measurements were performed in two non-damaged, fully expanded, sunlit, and mature leaves located in the upper canopy layer of each plant every two hours from 08:00 to 20:00 h. The frequency of measurements was determined before each irrigation event during the growing season.




2.3.3. Leaf Area Index (LAI) and Phenology


The leaf area index (LAI) was obtained by extracting weekly two representative plants per irrigation strategy throughout the growing season. The leaves of each plant were photographed on a known surface. The total leaf area per plant was determined using the free Image J software [51] and the methodology proposed by Rolando et al. [52]. The crop height (   h c   ) was measured weekly with a measuring tape from five marked plants growing on the field during the whole phenological period.



The phenological stages were evaluated based on the Biologische Bundesanstalt, Bundessortenamt, and Chemical Industry (BBCH) scale [53], considering the following as the main stages: establishment (E), leaf development (LD), inflorescence emergence (IE), flowering (F), fruit development (DF), ripening of fruit and seed (RF), senescence (S) and harvest (H).





2.4. Micrometeorological and Meteorological Measurements


All meteorological instrumentation was installed after hilling the potato (fraction cover close to 15%) in the central area from each irrigation treatment plot (5–6 m from edges) (Figure 1). The same set of micrometeorological equipment was installed in each evaluated irrigation strategy, which consisted of (i) wind speed (u) by three-cup young wind sentry anemometer (Model 03101, RM Young Co., Traverse City, MI, USA); (ii) air temperature (   T a   ) and relative humidity (  R H  ) measured by an Onset probe (model HOBO Pro v2) installed near the potato canopy. The sensors of u,    T a    and RH were moved upward as the potato plants were growing to maintain a height difference between the sensor and the top of the potato plant canopy of 0.2 m. (iii) Net radiation (   R n   ) was measured by two net radiometers (NR-Lite2, Kipp&Zonen, Inc., Delft, the Netherlands) located above the plant row at 1.0 m from the soil surface and another below of the canopy. (iv) Soil heat flux (G) was estimated using two heat flux plates of constant thermal conductivity (HFP01, Hukseflux, Delft, the Netherlands), one located between rows and the second one in the row for each irrigation level implemented. This arrangement accounted for the row shade effect during the daytime [54]. The soil heat flux plates were installed at a depth of 0.08 m. (v) Finally, the soil temperature (   T s   ) was measured by one averaging thermocouple probe (TCAV, Campbell Sci., Logan, UT, USA) installed above each flux plate at 0.02 and 0.06 m depths. The final value of soil heat flux (G) was determined by adding the measured flux at 0.08 m and the heat stored (S) in the layer above each heat flux plate [55]. The S values can be computed as follows:


  S =  (   ρ b   C d  +  θ v   ρ w   C w   )    Δ  T  s o i l     Δ t   d ,  



(2)




where    ρ b    is the soil bulk density (790 kg m−3);    ρ w    is the density of water (1000 kg m−3);    C d    is the specific heat capacity of dry allophane soil (J kg−1 K−1);    θ v    is the volumetric soil moisture (m3 m−3);    C w    is the specific heat capacity of the soil water (4186 J kg−1 K−1);   Δ  T  s o i l     is the change in soil temperature (K);   Δ t   is the time intervals (s); and d is the soil thinkness (m). Values between 959 and 1340 J kg−1 K−1 for    C d    are reasonable for most allophane soils [56,57,58]. An average value of    C d    equal to 1150 J kg−1 K−1 was used in this study.



Finally, the average values of soil heat flux (G) were determined according to


  G =  G  I R    f c  +  G  B R    (  1 −  f c   )  ,  



(3)




where    f c    is a fraction of cover (dimensionless) calculated using the averaged canopy width and distance between rows, and    G  I R     and    G  B R     are  G  values (W m−2) in rows and between rows of the potato, respectively.



All the measurements for    R n   ,  G ,  u ,    T s    were recorded on two electronic dataloggers (CR1000, Campbell Scientific Inc., Logan, UT, USA) for each irrigation level at 15 min intervals. Additionally, a Campbell Scientific Automatic Weather Station (AWS) measuring solar radiation (   R s   ), precipitation (   P p   ), wind speed (   w  2 m    ) and direction at 2 m (   w  2 m    ),    T  a _ A W S    , and   R  H  A W S     sensors were installed under the FAO56 reference condition near the experimental site (linear distance of 450 m).




2.5. Statistical Analysis


For the potato   E T   comparisons included   E  T  c p   / E  T  c p W B     (   r  e o    ) ratio, the root mean square error (RMSE), mean absolute error (MAE), index of agreement (   I a   ) and t-statistic [59,60,61] were used. Additionally, the z-test was determined to check whether the slope value of    r  e o     was significantly different from 1.0 at the 95% confidence level. Analysis of variance was performed on stomatal conductance and resistance variables. In those cases, the post-hoc mean comparison was made using Tukey’s HSD test with a p value of 0.05.





3. Biophysical Algorithms Implemented


3.1. Canopy Resistance Approaches (   r c   )


The    r c    was determined using a daytime frequency from 8:00 to 18:00, where the input variables for all models were considered between 14:00 and 16:00 h (maximum water demand from the atmosphere). The    r c    model under deficit irrigation in potato was evaluated using three approaches: (i) Szeicz and Long [62] (SL), (ii) Allen et al. [28] (AL), and (iii) Lhomme et al. [63] (L). For this study, all    r c    values were mainly calculated for the period of maximum water demand from the atmosphere during both seasons.



3.1.1. SL Approach


In this empirical model, the    r c    is calculated using a leaf stomatal resistance (   r  s t    , s m−1) and the effective LAI (  L A  I  e f f    , m2 m−2) is measured throughout the phenological stages, which is the portion of the canopy from which the bulk of transpiration occurs. Thus, the determination of the empirical function    r  S L  c    (s m−1) is calculated according to the following equation [62,64]:


   r  S L  c  =  {       r  s t   / L A I             ,     f o r   L A I ≤ 0.5 L A  I  t h r            r  s t   / L A  I  e f f   ,     f o r   L A I > 0.5 L A  I  t h r         ,  



(4)




where   L A  I  t h r     is the threshold LAI frequently taken as the maximum LAI of the plant (average value for both seasons of 3.7; 3.1 and 2.7 m2 m−2 for   I  L 1   ,   I  L 2   , and   I  L 3   , respectively). Thus,   L A  I  t h r     depended on the irrigation water levels implemented in this study.




3.1.2. AL Approach


In this model, the    r c    is calculated using the average stomatal resistance (   r  s t    ) of an individual leaf divided by the active (sunlit) leaf area index (LAI). The LAI represents the leaf area (upper side only) per unit area of soil below it (0.5LAI), where the effective LAI is the index of the leaf area that actively contributes to the surface heat and vapor transfer [28].


    r  A L  c  =    r  s t     L A  I  e f f         where   L A  I  e f f   = 0.5 L A I ,   



(5)








3.1.3. L Approach


In this model, the    r c    is calculated using a leaf stomatal resistance    r  s t     (one side), where it should be divided by the transpiring surface, expressed per unit area of land surface: 2LAI for amphistomatous leaves (LA model) and only LAI for hypostomatous leaves (LH model) proposed by Lhomme et al. [63]. For convenience, they introduce the parameter n (n = 1 for amphistomatous leaves and n = 2 for hypostomatous leaves), which allows the canopy resistance to be written as


   r L c  =   n  r  s t     2 L A I   ,  



(6)







However, the literature has reported that potato plants could have hypostomatous leaves [65,66] or amphistomatous leaves [67], so both approaches were considered.





3.2. Evaluation of the    r c    Models through ET Calculation


Each of the    r c    modeling approaches evaluated during the 2018/2019 and 2019/2020 seasons were incorporated into the Penman–Monteith equation to estimate the daily potato evapotranspiration (  E  T  c p   ,   mm day−1) according to the following expression [68]:


  E  T  c p   =  1 λ       Δ   (   R n  − G  )  +  K  t i m e    c p   ρ a   D  p v    r a  − 1     Δ + γ    (  1 +  r c   r a  − 1    )    ,  



(7)




where  Δ  is the slope of the saturation vapor pressure curve at the mean temperature (kPa °C−1),    R n    is the net radiation (MJ m−2 day−1), G is the soil heat flux (MJ m−2 day−1),    c p    is the specific heat of the air at constant pressure (MJ Kg−1 °C−1),    ρ a    is the air density (Kg m−3),    D  p v     is the vapor pressure deficit of air (kPa),  γ  is the psychrometric constant (kPa °C−1),    r c    is the bulk canopy resistance (s m−1),    r a    is the aerodynamic resistance (s m−1),  λ  is the latent heat of vaporization of water (MJ kg−1), and    K  t i m e     is the unit conversion equal to 86,400 s day−1.



The mathematical expression used for the aerodynamic resistance, which describes the resistance of vapor flow moving from the evaporating surface into the air above the canopy, is as follows:


   r a  =   l n  (     (  z − d  )     z 0     )    l n  (     (  z − d  )     (   h c  − d  )     )     k 2  u  ( z )    ,  



(8)




where z is the reference height (m), d is the zero-plane displacement (m),    h c    is the crop height (m),    z 0    is the roughness length of the crop relative to momentum transfer (m), k is the Karman’s constant (0.41), and   u  ( z )    is the wind speed at height z (m s−1). For the potato crop, the specific values of    z 0    can be determined as 0.041hc and d as 0.78   h c    [69].



The estimated   E  T  c p     was compared to the measured   E  T  c p W B     using the soil water balance approach of the root zone proposed by Allen et al. [28] for the different implemented irrigation conditions that were evaluated using the following expression:


  E  T  c p W P , i   =    (  P − R O  )   i  +  I i  + C  R i  − D  P i  −  (   D  r , i   −  D  r , i − 1    )  ,  



(9)




where   E  T  c p W P , i     is the crop evapotranspiration on day i (mm),    P i    is the precipitation on day i (mm),   R  O i    runoff from the soil surface on day i (mm),    I i    is the net irrigation depth on day i that infiltrates the soil (mm),   C  R i    is the capillary rise from the groundwater table on day i (mm),   D  P i    water loss out of the root zone by deep percolation on day i (mm),    D  r , i     is the water depletion in the root zone at the end of day i (mm),    D  r , i − 1     is the water content in the root zone at the end of the previous day, i − 1 (mm). The term   R  O i    for the periods with heavy rainfall was measured indirectly by assuming that in such conditions, crop evapotranspiration (  E T  ) is equal to the reference evapotranspiration (  E  T o   ) according to Vachaud et al. [70] and Franco et al. [71]. However,   R  O i    for drip irrigation was assumed to be zero [72,73], but in the possible cases that the irrigation water amounts exceeded the cumulative soil water depletion at the 10 cm soil layer was treated as   R  O i    outside of the potato ridge. The   C  R i    was presumed to be zero because there was no evidence of a water table of at least 1 m in soil depth. On the other hand, the total amount of water under the effective rooting zone was considered to be lost by deep percolation (  D  P i   ) according to data obtained from volumetric soil moisture sensors installed in the field. Finally, the final values of ET measured and estimated were summed and compared between irrigation events during both evaluated seasons.





4. Results and Discussion


4.1. Meteorological Measurements and Soil Moisture Conditions


The daily variation of rainfall (R), reference evapotranspiration (  E  T o   ), air temperature (   T a   ), and vapor pressure deficit (VPD) during the 2018/2019 and 2019/2020 seasons are shown in Figure 2. There was a total cumulative rainfall (TCR) from the plantation to 15 days before harvest of 97.2 and 88.3 mm for the 2018/2019 and 2019/2020 seasons, respectively. Thus, the rainfall for the 2018/2019 season was mainly concentrated during the first days of December (DOY 344 to 348; plantation) and March (DOY 60 to 66; finishing development of fruits), while for the 2019/2020 season, it was during the first days of January (DOY 5 to 8; >50% of flower opening) and the first days of February (DOY 32 to 48; development of fruits; Figure 2 and Figure 3). Furthermore, the maximum value of   E  T o    corresponded to 6.6 mm day−1 observed during a critical phenological period (DOY 45; flowering stage) for the first season. For the second season, a maximum value of 5.6 mm day−1 was observed during a non-critical phenological period (DOY 51; end of fruit development). For the 2018/2019 season, the maximum, minimum, and average values of    T a    ranged from 12.2 to 37.9 °C, −1.4 to 15.2 °C, and 8.2 to 23.8 °C between emergence and 15 days before harvest (86 days). whereas for 2019/2020, the same    T a    values ranged from 14.9 to 34.7 °C, −0.5 to 13.8 °C, and 11.6 to 20.1 °C between emergence and 15 days before harvest (91 days). Finally, during the 2018/2019 season, the tendency of VPD was similar to    T a    and   E  T o   . The maximum, minimum, and average values varied from 0.2 to 4.9 kPa, 0.0 to 0.5 kPa, and 0.1 to 2.1 kPa between emergence and 15 days before harvest. For the 2019/2020 season, the maximum, minimum, and average values of VPD ranged from 0.8 to 5.1 kPa, 0.0 to 0.3 kPa, and 0.2 to 1.9 kPa between emergence and 15 days before harvest, respectively.



The variation of volumetric soil moisture and rainfall values for the different irrigation levels applied during the growth and development stages of the potato crop   ( I  L 1   ,   I  L 2    and   I  L 3   ) for both seasons are shown in Figure 3. Two irrigation events were applied before hilling the potato and installing volumetric soil moisture sensors in both seasons. Thus, the total quantity of irrigation water supplied in those periods was 43 and 54 mm for the first and second seasons. A total of 13 irrigation events (including the two early irrigations before hilling the potato) were applied during the first season. Three effective rainfall (two before hilling the potato) were observed between emergence and 15 days before harvest, whereas 16 irrigation events (including the two early irrigations before hilling the potato) were supplied. Three effective rainfall events occurred between emergence and 15 days before harvest for the second season. During the first season, there was a period when the volumetric moisture depletion of the soil decreased slowly (DOY 47 to 54 and DOY 59 to 63). In this period, the potato crop there was in the phenological stage between the finishing of flowering and fruit development, and the main meteorological variables showed low average values ranging from 10.1 to 18.9 MJ m−2 d−1, 11.6 to 18.3 °C, 0.24 to 0.58 kPa for the solar radiation (   R s   ),    T a   , and VPD, respectively.




4.2. Stomatal Resistance Patterns under Irrigation Levels


The patterns of daytime stomatal resistance (   r  s t    ) and stomatal conductance (   g s   ) during the critical phenological stages of IE—DF for the three different irrigation levels are shown in Figure 4. Thus, there was a physiological response with a clear differentiation of the values    r  s t     and    g s    for the irrigation levels applied in this study, reaching a maximum difference between 14:00 and 18:00 on a potato crop [74]. Additionally, these    g s    differentations were observed in potato leaves grown under a 12 h light and 12 h dark photoperiod at 350 ppm of   C  O 2    by Wheeler et al. [75]. In this case, the plants were grown at either 400 or 800 μmol m−2 s−1 photosynthetic photon flux (PPF). Furthermore,    r  s t     and    g s    presented statistical differences between the 16:00 and 18:00 for the first season, while statistical differences were observed among 14:00 and 18:00 during the second season.



Although potato plants are susceptible to water stress and the decrease in available soil moisture, the plants presented a significant partial stomatal closure at the most stressed irrigation levels implemented. This response could vary due to the morphophysiological features of the different potato genotypes/cultivars [76]. Thus, Sun et al. [77] found that stomatal morphology in potato leaves has plasticity to soil moisture status and dynamics changes. They observed that under full irrigation (FI), the plants had the largest stomatal size, followed by the deficit irrigation (DI) condition, and partial root-zone drying (PRD) had the smallest. At the same time, the reverse was found for stomatal density (SD). In the same context, Sam et al. [78] observed differences in the anatomical characteristics of the leaf epidermis (on both sides of the leaf) in the cultivars that Desirée and Baraka subjected to three water-deficit conditions. For instance, the stomatal density for cv. Baraka increased in the adaxial surface with water stress, while it decreased for cv. Desirée.



For the 2018/2019 season, the potato plant presented the lowest resistance to loss of water during midday time (12:00–14:00) with average    r  s t     values of 43, 48, and 60 s m−1 for   I  L 1   ,   I  L 2   , and   I  L 3   , respectively, whereas average    r  s t     values of 50, 54, and 65 s m−1 for   I  L 1   ,   I  L 2   , and   I  L 3    were observed during the 2019/2020 season, respectively. In the same way, the highest water loss (>   g s   ) to the atmosphere was observed during the same hours when the lowest values of resistance to water loss occurred for both seasons. Thus, for the 2018/2019 season, maximum average    g s    values of 0.922, 0.761, and 0.627 mol m−2 s−1 were observed during midday for   I  L 1   ,   I  L 2   , and   I  L 3   , respectively, whereas maximum average    g s    values of 0.820, 0.760, and 0.664 mol m−2 s−1 were observed for the 2019/2020 season. In this context, similar average values of    g s    were found on a potato crop cv. Folva ranged from 0.4 to 1.2 mol m−2 s−1 under both full irrigation and deficit irrigation (partial root-zone drying; PRD). The lower values were mainly obtained using the PRD strategy [7,13]. Furthermore, the average value of    r  s t     between the LD–IE period increased 17.4 and 27.1% for   I  L 2    and   I  L 3    compared to   I  L 1   , respectively.



For the range of phenological stages between IE–DF, the average    r  s t     value increased 15.2 and 21.7% for   I  L 2    and   I  L 3    compared to   I  L 1   , respectively. Moreover, there were increases of 19.2 and 46.1% in the average    r  s t     value between the DF–RF period for   I  L 2    and   I  L 3    compared to   I  L 1   , respectively. However, decreases of 13.0 and 27.4% were observed in the average    r  s t     value between the DF–S period for   I  L 2    and   I  L 3    compared to   I  L 1   , respectively (Table 1).




4.3. Canopy Resistance Patterns and   E  T  c p     Estimation


The averaged midday values of the different canopy resistance (   r c   ) approaches for the main phenological stages under three irrigation levels supplied during the 2018/2019 and 2019/2020 seasons are shown in Figure 5. A parabolic tendency of the estimated    r c    approaches [21,79], with different magnitude, along the main phenological stages and for the supplied irrigation levels (  I  L 1   ,   I  L 2    and   I  L 3   ) were found in this study. The same pattern was obtained in other crops [80,81,82,83,84]. Thus, the average values of    r c    observed were 15, 30, 43, and 60 s m−1 for the LA, LH, SL, and AL approaches in the full irrigation (  I  L 1   ) condition during the 2018/2019 season, respectively. During the 2019/2020 season, the average    r c    values of 11, 22, 30, and 43 s m−1 were observed for the LA, LH, SL, and AL approaches in the full irrigation (  I  L 1   ) condition (Figure 5a,b). However, with the application of 75% of   I  L 1   , similar averaged values of    r c    were obtained for the LA, LH, SL, and AL approaches with 18, 35, 52, and 70 s m−1 for the first season and 17, 34, 45, and 68 s m−1 for the second season, respectively (Figure 5c,d). For the application of 60% of   I  L 1   , averaged values of    r c    equal to 26, 51, 75, and 102 s m−1 and 24, 48, 59, and 96 s m−1 for the LA, LH, SL, and AL approaches were obtained during the 2018/2019 and 2019/2020 season, respectively (Figure 5e,f).



Amer and Hatfield [21] observed average midday values of    r c    in potato close to 21 (DOY from 318 to 350) and 13 s m−1 (DOY from 85 to 119) under well-irrigated conditions (when soil moisture was reduced to 50% of total available water, TAW). Similar values of    r c    at the beginning of the growing season were observed using LA approach in both seasons. Nevertheless, Kjelgaard and Stockle [79] reported in potato seasonal average values of    r c    equal to 40 s m−1 under well-irrigated conditions (furrow irrigation), presenting the higher values at the beginning and finishing of the season. Moreover, the AL approach showed higher    r c    in all phenological stages and irrigation levels. Still, it was higher during the LD-IF and close to the RF-S compared to the other evaluated approaches, which could be due to the lower values of effective LAI (a concept that uses this approach) that actively contribute to the surface heat and vapor transfer [28] and leave senescence by the maturing canopy [21] (Table 1). Furthermore, the pattern of the    r c    values for each evaluated approach were similar during the developing periods of IF-DF and DF-RF for all irrigation levels implemented.



However, the tendency of LA and LH approaches for the different phenological stages and irrigation water levels implemented were more stable, reaching lower values in both seasons (Table 1). The latter could be related to the calculation of    r c    for amphistomatous and hypostomatous leaves [63]. For this study, the leaves of the potato cultivar Puyehue INIA growing under temperate climate presented stomata on both sides of the leaf, where the abaxial surface presented a higher number of stomata in comparison to the adaxial surface for all implemented irrigation water levels conditions (data not shown). Thus, the calculation of    r c    that considers the amphistomatous [67] and hypostomatous [65,66] potato leaves behaviors were determined in this study.



On the other hand, all the evaluated    r c    approaches showed a plasticity response to the evident lack of available soil water in the effective rooting zone caused by the irrigation water deficit that affects potato plants’ microclimate conditions. Thus, a decrease in the LAI and an increase in the    r c    values were observed between irrigation water levels supplied throughout the evaluated growing seasons (Table 1). The charges of    r c    observed as a consequence of the soil water available and the ambient conditions agreed with those found by Hatfield [85], Rana et al. [86], Kjelgaard and Stockle [79], and Amer and Hatfield [21]. In this study, the LA approach (amphistomatous leaves) presented similar values of    r c    between   I  L 1    and   I  L 2    for the 2018/2019 and 2019/2020 seasons, where it could potentially be used under water-limited conditions up to 25%. Although in the literature, it is possible to find that    r c    models that incorporate the dependence on soil moisture [32,39] have presented errors, especially during the sparse canopy stages in full irrigation crops [43,87].



Furthermore, it is necessary to incorporate detailed measurements of the anatomical characteristics of leaf epidermis (on both sides of the leaf) because the water vapor transfer through the leaves varies by potato genotype, where the averaged values of stomatal conductance in the abaxial side could reach almost more than twice the values measured on the adaxial side [88]. Finally, the evaluation of continuously estimated    r c    approaches in potato could be an excellent alternative to improve the estimation under different irrigation water levels or combine according to the surface resistance concept that has been done in other crops [43,86,89].



Estimation of   E  T  c p     Using LA and LH Approach


The comparison of potato evapotranspiration (  E  T  c p    ) estimated by soil water balance (  E  T  c p W P    ) and the Penman–Monteith equation using LA (  E  T  c p L A    ) and LH (  E  T  c p L H    ) canopy resistance (   r c   ) approaches for the full irrigation (  I  L 1   ) condition during the 2018/2019 and 2019/2020 seasons are shown in Figure 6. The   E  T  c p L A     and   E  T  c p L H     overestimated 0.6 and underestimated 11% compared to   E  T  c p W P     for both seasons, respectively (Figure 6a,b). Moreover, both estimations presented excellent performance in the statistical evaluation for full irrigation (Table 2). Values of RMSE, MAE,    I a   , and t-statistic equal to 4.4 mm, 3.2 mm, 0.8, and 0.1 were reached for   E  T  c p L A    , while 4.7 mm, 3.7 mm, 0.7 and 2.6 were observed for   E  T  c p L H    , respectively.



In contrast, in Figure 7, the comparison of   E  T  c p     estimated using the LA (  E  T  c p L A    ) and LH (  E  T  c p L H    )    r c    approaches and   E  T  c p W P     for application of 75% of   I  L 1    (  I  L 2   ) in both seasons are shown. In this case, a lower dispersion of the   E  T  c p     values (close to 1:1 line) estimated by   E  T  c p L A     and   E  T  c p L H     was found. However, there was a higher overestimation of   E  T  c p     compared to full irrigation condition for   E  T  c p L A     reaching an error close to 7.0%, whereas a similar error was found for   E  T  c p L H     (Figure 7a,b). Thus, a RMSE, MAE,    I a   , and t-Statistic of 3.2 mm, 2.5 mm, 0.8, and 1.7 for   E  T  c p L A     and 3.2 mm, 2.6 mm, 0.8, and 2.8 for   E  T  c p L H     was obtained considering both evaluated seasons, respectively (Table 2). Better performance results for some statistical indicators were found for   E  T  c p L A     in comparison with   E  T  c p L H     under the   I  L 3    (application of 60% of   I  L 1   ) condition. However, there were higher dispersion values of   E  T  c p L A     and   E  T  c p L H     compared to the other evaluated irrigation levels, but lower in comparison with the SL (  E  T  c p S L    ) and AL (  E  T  c p L A    ) approaches under   I  L 3    evaluated condition (Table 2).



Furthermore, average error values close to 13 and 31% were obtained for   E  T  c p L A     and   E  T  c p L H    , respectively (Figure 8a,b). Additionally, the frequency distribution of daily range difference between   E  T  c p L A     with   E  T  c p W P     illustrates that differences greater than ±10 mm were found in less than 4.0% for   I  L 1   , none for   I  L 2    and 19% for   I  L 3   , while the differences greater than ±10 mm between   E  T  c p L H     with   E  T  c p W P     were inexistent for   I  L 1    and   I  L 2   , and 27% for   I  L 3    (Figure 9a,b,e,f,i,j). On the other hand, the tendency of daily   E  T  c p L A     and   E  T  c p L H     averages values were similarly observed compared to   E  T  c p W P     during the growing and development stages in the three irrigation levels evaluated in both seasons. However, during the 2018/2019 season, heatwave events occurred from 35 (30 DOY) to 41 (36 DOY) and from 43 (38 DOY) to 50 (45 DOY) days after emergence (DAE) during the full flowering period (IF-DF), reaching values of maximum temperature (   T  a _ m a x    ) and vapor pressure deficit (VPD) close to 38 °C and 5.0 kPa, respectively (Figure 2).



In almost all cases, an underestimation of   E  T  c p     was observed in the evaluated irrigation regimes   I  L 1    (Figure 10a,c),   I  L 2    (Figure 11a,c) and   I  L 3    (Figure 12a,c) with values of 2.0, 4.0 and 4.0% for   E  T  c p L A     and 12, 15, and 20%   E  T  c p L H     compared to   E  T  c p W P    , respectively (Table 3). Likewise,   E  T  c p L A     presented a value of RMSE and MAE lower than   E  T  c p L H     in all evaluated irrigation levels. For the   I  L 1    condition, the application of irrigation water did not reach field capacity (FC) during the IE-DF phenological stages (heatwave event), presenting similar values of    r c    and LAI than those obtained for   I  L 2    condition (Figure 5 and Table 1).



Thus, the estimated   E  T  c p     was found to underestimate using the LA and LH approaches, and it could be explained by the stomatal regulation of the potato leaves under the different available soil moistures in the rooting zone, and the higher average value of aerodynamic resistance found at noontime (   r a    = 30 s m−1 between 29–43 DOY and 35–49 DAE), being almost a third of the value found in the same phenological period for   I  L 1    a condition during the 2019/2020 season (   r a    = 22 s m−1 between 4–22 DOY or 31–49 DAE). Amer and Hatfield [21] observed a low average value of    r a    under available soil water higher than 90% and 2.5 m2 m−2 of LAI at midday conditions in summer. Better performance of   E  T  c p L A     and   E  T  c p L H     was obtained during the development and maturity periods (finishing the period IE-DF, and between DF-RF and RF-S) for all evaluated irrigation levels, possibly due to the compensation between the low evaporative demand of the atmosphere (Figure 2) and moisture depletion timing of soil (Figure 3b), as    r c    was also increased due to leaf senescence typical of the maturity period [21].



However, a lower underestimated   E  T  c p     was seen during the maximum water demand by the atmosphere for   I  L 3    condition. It is also necessary to mention that null precipitation was observed in this period, presenting a soil water balance lower than those obtained in the other irrigation levels, being dominated mainly by the depletion of soil moisture present in the effective root zone. Additionally, an increased    r c    was observed in comparison with other irrigation conditions but lower than those found by the other evaluated    r c    approaches (Figure 5).



During the 2019/2020 season, important heatwave events occurred from 78 (51 DOY) to 80 (53 DOY) and from 87 (60 DOY) to 90 (63 DOY) days after emergence (DAE) during the end of the fruit development (IF-DF) and close to the senescence period (RF-S), reaching values of maximum temperature (   T  a _ m a x    ) and vapor pressure deficit (VPD) between 30–33 °C and 2.8–5.1 kPa, respectively (Figure 2). A better estimation of   E  T  c p     was seen in the evaluated irrigation regimes   I  L 1    (Figure 10b,d), where the   E  T  c p L A     underestimated 7.0% and the   E  T  c p L H     underestimated 20% of   E  T  c p W P    , respectively (Table 3), while for   I  L 2    (Figure 11b,d) and   I  L 3    (Figure 12b,d), there was an overestimation of less than 9.0%, and an underestimation of less than 16% for   E  T  c p L A     and   E  T  c p L H     in comparison with   E  T  c p W P    , respectively (Table 3). Furthermore, for both   E  T  c p L A     and   E  T  c p L H    , values of RMSE and MAE less than 1.1 mm d−1 were reached for all evaluated irrigation conditions. In this context, a value of RMSE equal to 1.5 mm d−1 was obtained by estimating evapotranspiration in maize using the Penman–Monteith model with a coupled surface resistance equation contrasted with the eddy covariance method [44]. Thus, the   E  T  c p     was underestimated using the LA and LH approaches almost at the end of the leaf development stage (LD-IE) between 27 (365 DOY) and 31 (4 DOY) days after emergence (DAE) for   I  L 1   . The same tendency was observed at the beginning of flowering (IE-DF) between 39 (12 DOY) and 47 (20 DOY) days after emergence (DAE). However, an improvement of   E  T  c p     for   I  L 1    was observed from 47 to 103 DAE (20–76 DOY) due to the increase in LAI, lower    r c   , height crop and the decreasing of the aerodynamic resistance (   r a   ). In addition, during the developing and maturing (DF to S) phenological stages, a better overlapping of   E  T  c p     was observed in both   I  L 1    and   I  L 2    condition, because the effect of meteorological variables becomes almost constant (Figure 10b,d). However, for the   I  L 2    and   I  L 3    conditions, an underestimated   E  T  c p     was seen from 43 to 56 DAE (16–29 DOY). These tendencies could be explained by the lower application of irrigation water (changes in available soil moisture) (Figure 3b), affecting the water transfer from the stomata to the atmosphere by increasing the    r c    (Figure 5) [21].



The   E  T  c p     estimation using the different    r c    approaches under full irrigation levels presented a reasonable approximation, especially during the advanced stage of the crop (beginning of flowering onwards) (Table 4), not so in early stages (LAI < 1.5 m2 m−2). According to the results of this study, the use of LA approach (amphistomatous leaves concept) would be the best to estimate   E  T  c p     despite the underestimation under conditions of higher water demand by the atmosphere. Preliminary, this calculation method would describe better the relationship between exposed canopy surface and water flow resistance (stomatal resistance) present in both sides of the leaf, in comparison with SL and AL approaches that incorporating a concept associated to that the half of canopy exposition (upper side only) would be active for the vapor transfer [28]. Moreover, the same    r c    approach was better observed for estimating   E  T  c p     in the different irrigation levels (Table 4), where it could be seen a slight increase in the daily range tendency of   E  T  c p     estimated in comparison with the others    r c    approaches used. It should be noted that these increased values of   E  T  c p     could be associated with the plasticity of the morphological features of potato leaves [77], because it has been observed that stomatal size (SS) and density (SD) could be modulated by environment signal presenting larger SD in a deficit irrigation condition (PRD, Partial root-zone drying) and lower for full irrigation conditions.






5. Conclusions


This study showed that the highest daytime water vapor resistance activity through the stomata for a potato crop var. Puyehue INIA occurred between 14:00 and 18:00 local time. This result is consistent with all evaluated irrigation levels during both growing seasons. The LA canopy resistance approach provided the best performance for the original Penman–Monteith (P-M) model in the simulation   E  T  c p     on a drip-irrigated potato crop. However, significant disagreements of the original P-M model to estimate   E  T c    directly were associated with arid atmospheric conditions (January–February) occurred mainly during the IF-DF phenological period, independent of the irrigation levels applied and canopy resistance approaches used. Nevertheless, these errors did not considerably affect the overall performance of the original P-M model using mainly the LA and LH canopy resistance approaches for both evaluated seasons. In this context, it is necessary to emphasize that the canopy resistance (   r c   ) is very variable during daytime and through the potato growing season. Future studies should incorporate other concepts, such as mesophyll conductance and genetic traits, to obtain better performance of ET models under changing conditions. Our analysis showed that it is possible to simulate   E  T c    on a potato crop considering up to 25% less irrigation water applied at the full irrigation level, using the LA or LH canopy resistance approach combined with the original P-M model. Further studies should be associated with the plasticity of the morphological features of potato leaves and canopy geometry, as the stomatal water vapor flowing on the canopy surface could be affected, a key factor in the canopy resistance concept for accurate ET estimation under soil-water-limited conditions.
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Figure 1. The general layout of the set instruments implemented in each evaluated irrigation levels conditions. At the central point of each irrigation level, the following instruments were installed: net radiometers, soil heat plates, and soil temperature probes, volumetric soil moisture sensors (for soil heat plates and soil water balance determinations), hygrometers, and anemometers. RAW and TAW are readily available soil water and total available soil water, and 35% is the p value according to Allen et al. [28]. 
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Figure 2. Daily variation of meteorological data registered by an automatic weather station (AWS) located close to study site for the 2018/2019 (a,c,e) and 2019/2020 (b,d,f) seasons.    T a    is the air temperature, and VPD is the vapour pression deficit. The abbreviation max, avg and min are the measured variables’ maximum, average, and minimum expression. 






Figure 2. Daily variation of meteorological data registered by an automatic weather station (AWS) located close to study site for the 2018/2019 (a,c,e) and 2019/2020 (b,d,f) seasons.    T a    is the air temperature, and VPD is the vapour pression deficit. The abbreviation max, avg and min are the measured variables’ maximum, average, and minimum expression.



[image: Water 14 02041 g002]







[image: Water 14 02041 g003 550] 





Figure 3. Variation of volumetric soil water content and rainfall measured values for the two evaluated seasons 2018/2019 (a) and 2019/2020 (b). The irrigation level (IL) was   I  L 1   : Full irrigation,   I  L 2   : 75% of   I  L 1   , and   I  L 3   : 60% of   I  L 1   . IT, R, FC, and WP are irrigation threshold, rainfall, and soil water content at field capacity and permanent wilting point. 
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Figure 4. Representative average daytime values of stomatal resistance (   r  s t    ) and stomatal conductance (   g s   ) during the phenological stage inflorescence emergence–development of fruit (IF-DF) and maximum water atmospheric demand for the three different irrigation levels. DOY 35 to 45 for the 2018/2019 season (a,b) and DOY 3 to 20 for the 2019/2020 season (c,d). Error bars indicate ± SE (n = 5). AVOVA (n.s.: not significance when p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). According to the Tukey test HSD, the means in the same column with the same letter are not significantly different (p ≤ 0.05).   I  L 1   ,   I  L 2   , and   I  L 3    are full irrigation, application of 75% and 60% of   I  L 1   , respectively. 
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Figure 5. Midday average values (14:00–16:00) of canopy resistances (   r c   ) during the main potato phenological periods under different irrigation levels (IL) for 2018/2019 (a,c,e) and 2019/2020 (b,d,f) evaluated seasons. LA and LH [63], SL [62], and AL [28] are the empirical models of    r c    used in this study. The potato phenological ranges LD-IE, IE-DF, DF-RF, and RF-S are leaf development–inflorescence emergence, inflorescence emergence–development of fruit, development of fruit–ipening of fruit and seed, and ripening of fruit and seed–finishing of senescence, respectively. These values were used to estimate crop potato evapotranspiration (  E  T  c p    ). 
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Figure 6. Comparison between potato evapotranspiration estimated by the water balance (  E  T  c p W P    ) and Penman-Monteith (  E  T  c p    ) methods using four canopy resistance approaches in full irrigation conditions (    IL  1   ) for both seasons. LA and LH [63], SL [62] and AL [28] corresponding to the canopy resistance (   r c   ) model at each   E  T  c p     approaches used in this study. (a), (b), (c), and (d) represent to LA, LH, SL, and AL, rspectively. Closed circles and open squares of black color correspond to the 2018/2019 season, whereas closed circles and open squares of gray color correspond to the 2019/2020 season. Square and circle points represent values of ET when LAI < 2 and LAI > 2, respectively. Each point compares the sum of ET among consecutive irrigation events. 
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Figure 7. Comparison between potato evapotranspiration estimated by the water balance (  E  T  c p W P    ) and Penman-Monteith (  E  T  c p    ) methods using four canopy resistances approaches for the application of 75% of     IL  1    (    IL  2   ) in both seasons. LA and LH [63], SL [62] and AL [28] corresponding to the canopy resistance (   r c   ) model at each   E  T  c p     approaches used in this study. (a), (b), (c), and (d) represent to LA, LH, SL, and AL, rspectively. Closed circles and open squares of black color correspond to the 2018/2019 season, whereas closed circles and open squares of gray color correspond to the 2019/2020 season. Square and circle points represent values of ET when LAI < 2 and LAI > 2, respectively. Each point compares the sum of ET among consecutive irrigation events. 
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Figure 8. Comparison between potato evapotranspiration estimated by the water balance (  E  T  c p W P    ) and Penman-Monteith (  E  T  c p    ) methods using four canopy resistances approaches for the application of 60% of     IL  1    (    IL  3   ) in both seasons. LA and LH [63], SL [62] and AL [28] corresponding to the canopy resistance (   r c   ) model at each   E  T  c p     approaches used in this study. (a–d) represent to LA, LH, SL, and AL, rspectively. Closed circles and open squares of black color correspond to the 2018/2019 season, whereas closed circles and open squares of gray color correspond to the 2019/2020 season. Square and circle points represent values of ET when LAI < 2 and LAI > 2, respectively. Each point compares the sum of ET among consecutive irrigation events. 
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Figure 9. Frequency distribution of daily range difference between   E  T  c p     estimated according to the four empirical canopy resistance approaches on a potato crop under     IL  1    (a–d),     IL  2    (e–h) and     IL  3    (i–l) irrigation levels and obtained by soil water balance (  E  T  c p W P    ) for both evaluated seasons. 
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Figure 10. Comparison of daily average   E  T  c p     by soil water balance method and PM method with different canopy resistance approaches on a full irrigation condition (    IL  1   ) for 2018/2019 (a,c,e,g) and 2019/2020 seasons (b,d,f,h). 
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Figure 11. Comparison of daily average   E  T  c p     by soil water balance method and PM method with different canopy resistance approaches on an application of 75% of     IL  1    (    IL  2   ) for 2018/2019 (a,c,e,g) and 2019/2020 seasons (b,d,f,h). 






Figure 11. Comparison of daily average   E  T  c p     by soil water balance method and PM method with different canopy resistance approaches on an application of 75% of     IL  1    (    IL  2   ) for 2018/2019 (a,c,e,g) and 2019/2020 seasons (b,d,f,h).



[image: Water 14 02041 g011]







[image: Water 14 02041 g012 550] 





Figure 12. Comparison of daily average   E  T  c p     by soil water balance method and PM method with different canopy resistance approaches on an application of 60% of     IL  1    (    IL  3   ) for 2018/2019 (a,c,e,g) and 2019/2020 seasons (b,d,f,h). 
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Table 1. Average values for both seasons of leaf area index (LAI), midday stomatal (   r  s t    ) and canopy (   r c   ) resistances for the empirical canopy resistance models (LA, LH, SL and AL) during the main potato phenological stages in the three irrigation levels (IL) conditions.






Table 1. Average values for both seasons of leaf area index (LAI), midday stomatal (   r  s t    ) and canopy (   r c   ) resistances for the empirical canopy resistance models (LA, LH, SL and AL) during the main potato phenological stages in the three irrigation levels (IL) conditions.





	

	
Full Irrigation (IL1)




	
LA

	
LH

	
SL

	
AL




	
Phenological

Stages

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAIm

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)






	
LD—IE

	
1.56

	
38.0

	
13.7

	
1.56

	
38.0

	
27.5

	
2.51

	
38.0

	
28.7

	
1.56

	
38.0

	
55.0




	
IE—DF

	
2.78

	
55.3

	
10.4

	
2.78

	
55.3

	
20.8

	
3.74

	
55.3

	
30.0

	
2.78

	
55.3

	
41.6




	
DF—RF

	
3.45

	
66.6

	
10.0

	
3.45

	
66.6

	
19.9

	
3.74

	
66.6

	
36.8

	
3.45

	
66.6

	
39.9




	
RF—FS

	
2.57

	
90.0

	
17.5

	
2.57

	
90.0

	
35.1

	
3.74

	
90.0

	
49.8

	
2.57

	
90.0

	
70.1




	

	
Application of 75% of IL1 (IL2)




	

	
LA

	
LH

	
SL

	
AL




	
Phenological Stages

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAIm

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)




	
LD—IE

	
1.26

	
44.6

	
18.7

	
1.26

	
44.6

	
37.4

	
1.26

	
44.6

	
37.4

	
1.26

	
44.6

	
74.9




	
IE—DF

	
2.44

	
63.7

	
13.3

	
2.44

	
63.7

	
26.6

	
3.15

	
63.7

	
40.3

	
2.44

	
63.7

	
53.3




	
DF—RF

	
2.98

	
79.4

	
13.5

	
2.98

	
79.4

	
27.0

	
3.15

	
79.4

	
51.2

	
2.98

	
79.4

	
54.0




	
RF—FS

	
2.19

	
101.7

	
23.9

	
2.19

	
101.7

	
47.7

	
3.15

	
101.7

	
65.2

	
2.19

	
101.7

	
95.4




	

	
Application of 60% of IL1 (IL3)




	

	
LA

	
LH

	
SL

	
AL




	
Phenological Stages

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAIm

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)

	
LAI

(m2 m−2)

	
rst

(s m−1)

	
rc

(s m−1)




	
LD—IE

	
0.98

	
48.3

	
26.5

	
0.98

	
48.3

	
53.1

	
0.98

	
48.3

	
53.1

	
0.98

	
48.3

	
106.1




	
IE—DF

	
2.21

	
75.8

	
17.7

	
2.21

	
75.8

	
35.3

	
2.79

	
75.8

	
54.6

	
2.21

	
75.8

	
70.6




	
DF—RF

	
2.43

	
97.3

	
20.2

	
2.43

	
97.3

	
40.4

	
2.79

	
97.3

	
71.8

	
2.43

	
97.3

	
80.8




	
RF—FS

	
1.71

	
114.7

	
34.6

	
1.71

	
114.7

	
69.3

	
1.92

	
114.7

	
87.5

	
1.71

	
114.7

	
138.6








Note: LA and LH are the    r c    models incorporating the concept of amphistomatous and hypostomatous leaves [63], respectively. SL is the    r c    model proposed by Szeicz and Long [62]. AL is the more used    r c    model proposed by Allen et al. [28]. LAIm is the average leaf area index according to Equation (4). LD, IE, DF, RF and FS are leaf development, inflorescence emergence, development of fruit, ripening of fruit and seed, and finishing of senescence, respectively.
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Table 2. Statistical evaluation of evapotranspiration over a potato crop estimated by the Penman–Monteith equation using four different canopy resistance models for both seasons (values of Figure 6, Figure 7 and Figure 8).






Table 2. Statistical evaluation of evapotranspiration over a potato crop estimated by the Penman–Monteith equation using four different canopy resistance models for both seasons (values of Figure 6, Figure 7 and Figure 8).





	ET Models
	Irrigation Condition
	Total

Days (n)
	Irrigation Event Ranges (n) &
	RMSE

(mm)
	MAE

(mm)
	    I a    
	t-Statistic *
	    r  e o     
	Z-Test





	ETcpLA
	IL1
	177
	26
	4.42
	3.24
	0.82
	0.13
	1.00
	V



	ETcpLH
	IL1
	177
	26
	4.75
	3.73
	0.77
	2.66
	0.88
	F



	ETcpSL
	IL1
	177
	26
	5.70
	4.63
	0.69
	4.87
	0.78
	F



	ETcpAL
	IL1
	177
	26
	6.77
	5.80
	0.60
	6.37
	0.70
	F



	ETcpLA
	IL2
	177
	26
	3.24
	2.58
	0.87
	1.72
	1.07
	V



	ETcpLH
	IL2
	177
	26
	3.29
	2.69
	0.89
	2.80
	0.89
	F



	ETcpSL
	IL2
	177
	26
	4.69
	3.64
	0.74
	5.28
	0.78
	F



	ETcpAL
	IL2
	177
	26
	5.71
	4.85
	0.66
	7.66
	0.69
	F



	ETcpLA
	IL3
	177
	26
	8.02
	5.94
	0.55
	1.29
	0.87
	F



	ETcpLH
	IL3
	177
	26
	9.45
	6.61
	0.52
	3.07
	0.69
	F



	ETcpSL
	IL3
	177
	26
	9.62
	7.14
	0.53
	3.72
	0.64
	F



	ETcpAL
	IL3
	177
	26
	11.72
	8.58
	0.48
	4.89
	0.48
	F







Note: RMSE: root mean square error; MAE: mean absolute error;    I a   : index of agreement;    r  e o    : ratio of estimated to observed evapotranspiration values; T: true hypothesis (b = 1); F: false hypothesis (b ≠ 1). * The smaller the value of t, the better is the model’s performance.     IL  1    is a full irrigation,     IL  2    is the application of 75% of     IL  1   , and     IL  3    is the application of 60% of     IL  1   . &; total number of irrigation event ranges.
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Table 3. Statistical evaluation of daily average   E  T  c p     estimated by canopy resistance approach for the different irrigation level conditions on potato crop experiment.






Table 3. Statistical evaluation of daily average   E  T  c p     estimated by canopy resistance approach for the different irrigation level conditions on potato crop experiment.





	
    r c     Approaches

	
Irrigation Condition

	
2018/2019 Season

	
2019/2020 Season




	
RMSE

(mm d−1)

	
MAE

(mm d−1)

	
    r  e o     

	
RMSE

(mm d−1)

	
MAE

(mm d−1)

	
    r  e o     






	
LA

	
IL1

	
0.74

	
0.60

	
0.98

	
0.82

	
0.57

	
0.93




	
LH

	
IL1

	
0.83

	
0.59

	
0.88

	
1.06

	
0.78

	
0.80




	
SL

	
IL1

	
0.95

	
0.71

	
0.80

	
1.35

	
1.03

	
0.71




	
AL

	
IL1

	
1.14

	
0.88

	
0.73

	
1.54

	
1.27

	
0.64




	
LA

	
IL2

	
0.45

	
0.41

	
0.96

	
0.56

	
0.44

	
1.04




	
LH

	
IL2

	
0.65

	
0.49

	
0.85

	
0.75

	
0.57

	
0.86




	
SL

	
IL2

	
0.84

	
0.64

	
0.77

	
1.09

	
0.81

	
0.73




	
AL

	
IL2

	
1.08

	
0.85

	
0.69

	
1.25

	
1.02

	
0.64




	
LA

	
IL3

	
0.63

	
0.55

	
0.96

	
0.68

	
0.56

	
1.09




	
LH

	
IL3

	
0.80

	
0.63

	
0.80

	
0.83

	
0.61

	
0.84




	
SL

	
IL3

	
1.03

	
0.77

	
0.68

	
1.11

	
0.84

	
0.71




	
AL

	
IL3

	
1.21

	
0.94

	
0.61

	
1.27

	
1.03

	
0.57








Note: RMSE: root mean square error; MAE: mean absolute error;    r  e o    : ratio of estimated to observed values of evapotranspiration. LA and LH are the    r c    model incorporating the concept of amphistomatous and hypostomatous leaves [63], respectively. SL is the    r c    model proposed by Szeicz and Long [62]. AL is the more used    r c    model proposed by Allen et al. [28].     IL  1    is a full irrigation,     IL  2    is the application of 75% of     IL  1   , and     IL  3    is the application of 60% of     IL  1   .
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Table 4. Evapotranspiration estimated by the canopy resistance approaches, effective rainfall (Ppe, mm) and irrigation (IR, mm) applied in each irrigation level condition during the main potato phenological stages, and maximum water demand by the atmosphere for both seasons.






Table 4. Evapotranspiration estimated by the canopy resistance approaches, effective rainfall (Ppe, mm) and irrigation (IR, mm) applied in each irrigation level condition during the main potato phenological stages, and maximum water demand by the atmosphere for both seasons.





	
Phenological Stages

	
Irrigation Levels

	
2018/2019 Season

	
2019/2020 Season




	
ETcpWB

	
ETcpLA

	
ETcpLH

	
ETcpSL

	
ETcpAL

	
IR

	
Ppe

	
ETcpWB

	
ETcpLA

	
ETcpLH

	
ETcpSL

	
ETcpAL

	
IR

	
Ppe






	
LD—IE

	
IL1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
38.3 *

	
41.9 *

	
38.6 *

	
37.9 *

	
33.5 *

	
79.5

	
0.0




	
IE—DF

	
IL1

	
86.9

	
78.9

	
70.6

	
66.1

	
58.4

	
103.4

	
0.0

	
87.8

	
71.1

	
61.5

	
53.2

	
49.0

	
100.4

	
2.3




	
DF—RF

	
IL1

	
63.2

	
70.7

	
64.3

	
55.2

	
53.7

	
93.1

	
4.6

	
96.9

	
92.1

	
79.9

	
65.4

	
63.6

	
106.2

	
14.0




	
RF—S

	
IL1

	
25.8

	
30.9

	
27.2

	
23.8

	
22.0

	
23.7

	
0.0

	
59.8

	
68.7

	
56.8

	
53.1

	
42.7

	
79.7

	
0.0




	
Total

	
IL1

	
175.9

	
180.5

	
162.1

	
145.1

	
134.1

	
220.2

	
4.6

	
282.8

	
273.8

	
236.8

	
209.6

	
188.8

	
365.8

	
16.3




	
LD—IE

	
IL2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
28.4 *

	
37.5 *

	
32.9 *

	
32.9 *

	
26.6 *

	
59.6

	
0.0




	
IE—DF

	
IL2

	
74.5

	
76.8

	
67.4

	
62.5

	
54.4

	
77.5

	
0.0

	
68.5

	
66.0

	
55.3

	
45.2

	
42.3

	
75.0

	
2.3




	
DF—RF

	
IL2

	
57.2

	
70.5

	
62.6

	
52.5

	
51.5

	
69.8

	
4.6

	
70.7

	
81.7

	
66.7

	
50.4

	
48.9

	
79.3

	
14.0




	
RF—S

	
IL2

	
23.2

	
28.9

	
25.2

	
21.0

	
20.2

	
16.1

	
0.0

	
73.8

	
52.3

	
38.8

	
37.4

	
25.6

	
59.4

	
0.0




	
Total

	
IL2

	
154.9

	
176.2

	
155.2

	
136.0

	
126.1

	
165.1

	
4.6

	
241.4

	
237.5

	
193.7

	
165.9

	
143.4

	
273.3

	
16.3




	
LD—IE

	
IL3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
38.0 *

	
33.4 *

	
27.7 *

	
27.7 *

	
20.7 *

	
47.7

	
0.0




	
IE—DF

	
IL3

	
69.7

	
65.2

	
54.3

	
47.4

	
41.0

	
62.0

	
0.0

	
65.5

	
56.7

	
45.1

	
35.6

	
32.9

	
60.0

	
2.3




	
DF—RF

	
IL3

	
57.7

	
62.4

	
52.3

	
40.8

	
39.8

	
55.9

	
4.6

	
60.6

	
69.1

	
52.2

	
40.5

	
35.4

	
63.4

	
14.0




	
RF—S

	
IL3

	
14.2

	
25.0

	
20.6

	
16.8

	
15.3

	
14.2

	
0.0

	
50.3

	
41.4

	
28.0

	
28.0

	
17.1

	
47.6

	
0.0




	
Total

	
IL3

	
141.6

	
152.6

	
127.2

	
105.0

	
96.1

	
132.1

	
4.6

	
214.4

	
200.6

	
153.0

	
131.8

	
106.1

	
218.7

	
16.3








Note: *: The values presented represent the sum of 40% of the data for the mentioned phenological stage during the 2019/2020 season. LD, IE, DF, RF, and FS are leaf development, inflorescence emergence, development of fruit, ripening of fruit and seed, and finishing of senescence, respectively.
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